Environmental exposures at crucial points in development permanently alter sympathoadrenal function in mammals. Both the sympathetic innervation of peripheral tissues and the responsiveness of sympathetic nerves and adrenal medulla to standard stimuli are susceptible to modification by exposures in early life. Several conditions studied in the laboratory, including environmental temperature, litter size and maternal nutrition, in addition to affecting sympathoadrenal function also produce larger, fatter offspring, raising the possibility that developmental programming of the sympathetic nervous system (SNS) may contribute to acquisition of an obese phenotype. The specific changes noted in all three circumstances include evidence of an increase in sympathetic innervation in pancreas and retroperitoneal fat. By contrast, SNS development is impaired in experimental models of intrauterine growth retardation. Although the physiological implications of increased sympathetic innervation in pancreas and retroperitoneal fat are not fully understood, these changes seen in animals reared at cool temperatures, in small litters or by mothers fed refined carbohydrate diets likely reflect an early enhancement of the offspring's capacity to take up and store glucose. If so, the tendency of these animals to gain weight and accumulate fat may represent an adaptive response to 'over-nutrition' in early life.
Introduction to nervous system development
Development of the mammalian nervous system begins during fetal life and continues well after birth. As a result, both intrauterine events and post-natal sensory experience affect nervous system maturation. Not only are the neural systems which process sensory information, such as the visual cortex and auditory pathways among others, [1] [2] [3] susceptible to modification by afferent input in early life, but, more importantly, normal function of these systems does not develop in the absence of sensory input. The requirement for afferent input is a cardinal feature of neural development, and implies that the genetic information encoded in an individual's DNA is insufficient by itself to produce normal nervous system function. Proper development of all neural systems is dependent upon genes and environmental factors and, thus, reflects the interaction of both 'nature' and 'nurture'. 4 In addition to afferent input, timing is a critical factor underlying neural development. Although increasing evidence indicates that neural systems maintain some degree of plasticity throughout life, 4 the preponderance of neural modification takes place early in life. During fetal life, neurons are produced in abundance. Those that innervate appropriate target tissues and are activated by use survive, a phenomenon referred to as 'activity-dependent regulation'; those that fail to develop necessary contacts or that remain unstimulated disappear through the process of programmed cell death (or apoptosis). Apoptosis occurs in many different types of neurons, including autonomic nerves. 5, 6 In general, environmental factors influence neural development either by modifying the initial proliferation of nerve cells during fetal life or, subsequently, by altering their rate of disappearance. The end result is that the structure and function of neural systems in adulthood is dependent upon the broad range of environmental factors, which influence the formation and death of nerve cells during development. Each neural system is likely susceptible to developmental modification by a different set of environmental factors. In this regard, vegetative systems, such as the hypothalamicpituitary-adrenal (HPA) axis and the sympathoadrenal system, are likewise subject to environmental input during development. HPA activity may be altered permanently by variations in glucocorticoid exposure, such as owing to maternal stress, glucocorticoid administration and maternal ingestion of a protein-restricted diet which may increase fetal exposure by lowering the placental barrier to maternal glucocorticoids. 7 As discussed below, changes in the density of sympathetic innervation or in the central nervous system regulation of sympathoadrenal function may be altered by a wide range of fetal or neonatal exposures. These changes persist into adulthood, possibly throughout life and become a characteristic feature of one's phenotype.
Environmental factors affecting SNS development
Although numerous factors have been reported to alter sympathetic nervous system (SNS) development, they can be grouped into five major categories, depicted in Figure 1 . First, environmental temperature influences development in several ways. Exposure to cold promotes development of SNS innervation in a number of tissues (see below), whereas exposure to heat increases innervation to sweat glands. 8 Temperature exposures in early life, moreover, modify central nervous system regulation of sympathoadrenal activity. [8] [9] [10] Second, whether arising before or shortly after birth, stress in various forms affects development of sympathetic innervation or its regulation.
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These changes may arise secondary to effects of glucocorticoids 13, 17, 18 or to reductions in uterine blood flow and/or in oxygen delivery which may exert direct effects themselves or act indirectly through changes in glucocorticoid exposure. [19] [20] [21] [22] Third, chemicals from the environment, such as ethanol, nicotine, chlorpromazine, diethylstilbesterol, interfere with normal SNS development. [23] [24] [25] [26] [27] [28] [29] Fourth, nutritional factors involving mothers and offspring also affect the developing SNS. Changes may arise in response to an overall decrease in maternal energy intake. 30, 31 or to a selective reduction in dietary protein. 32 Even if nutritionally adequate, however, the fatty acid or carbohydrate composition of the maternal diet influences SNS development. 33 Finally, changes in fetal or neonatal nutrition owing to the presence of maternal diabetes or variations in litter size, respectively, also exert effects on SNS development. 34, 35 The effects associated with exposure to these environmental factors are not uniform. As the SNS is composed of numerous function-specific subdivisions, 36 however, development of each subunit is likely influenced by its own set of environmental factors. Against a background of neuronal cell death, the participation of 'activity-dependent regulation' in neuronal development implies that the distribution of efferent impulses within the SNS during neonatal life protects against nerve cell loss in those sympathetic pathways that are activated. Thus, the pattern of SNS activation present during neonatal life determines, in part, the overall structure and function of the sympathoadrenal system in adulthood. And conversely, the structure and function of the adult SNS retains historical information as to the functional state of this system during neonatal life.
SNS development in relation to obesity in the offspring
As alterations in SNS function are widely believed to contribute to the pathogenesis of obesity and its complications, 37 Table 1 .
Effects of temperature
As the SNS plays a critically important role in the regulation of body temperature, it would not be unexpected that exposures in early life alter an individual's capacity to respond to similar challenges in adulthood. Animals reared at elevated temperatures are more tolerant of exposure to heat than those reared at lower temperatures. 41, 42 Conversely, animals reared at lower environmental temperatures exhibit improved defense on subsequent exposure to cold than those reared at higher temperatures. [43] [44] [45] As an improvement in cold tolerance would likely be associated with an increased capacity for non-shivering thermogenesis (NST), these studies were undertaken initially to determine if rearing animals at a cool temperature might reduce their susceptibility to become obese. The findings, as described below, were opposite to expectations.
To examine the impact of environmental temperature on SNS development, rats were reared for the first 2 months of life in temperature-controlled chambers set at either 18 or 301C. In rats reared at 181C, norepinephrine (NE) content in Figure 1 Factors that alter sympathetic nervous system (SNS) development.
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International Journal of Obesity interscapular brown adipose tissue (IBAT) is increased compared to that seen in 301C-reared animals, an elevation which is seemingly permanent, persisting for 4 months or more following removal of the animals from the cool environment. 9, 46 The elevation in IBAT NE seen in the cool-reared rats is a reflection of increased SNS innervation in IBAT as the number of post-ganglionic sympathetic nerves which project to this tissue is also greater. 47 Although no other tissue displays a doubling of sympathetic innervation as seen in IBAT, many tissues show an increase in tissue NE content in the range of 15-60%, including heart, pancreas, kidney, thyroid, salivary gland, spleen, retroperitoneal fat, skeletal muscle and adrenal gland. In contrast, NE content in epididymal fat, skin and testis does not differ in 18-and 301C-reared animals. Thus, rearing rats at 181C promotes more robust development of the SNS in most peripheral tissues compared to that observed in animals reared at 301C. In addition to more abundant sympathetic innervation, rats reared at cool temperatures show evidence of increased capacity for NST. IBAT mass in rats reared at 181C is substantially greater and expression of multiple genes related to energy metabolism is increased as well, 9 including UCP1, UCP3, GLUT4, leptin, b 3 -and a 1A -adrenergic receptors, peroxisome proliferator-activated receptor-g coactivator 1a, MCT8 (thyroid hormone transporter), thyroid receptor b and endothelial nitric oxide synthase-III. Moreover, measurements of SNS activity show heightened nerve activity in IBAT of 181C-reared rats. 9, 47 These comparisons of gene expression and SNS activity between 18-and 301C-reared rats were carried out after both groups had been housed at a common room temperature (21-221C) for 3-4 weeks. Greater gene expression and [
H]NE turnover rates in IBAT from
181C-reared rats, whereas not necessarily indicative of elevated thermogenesis at the time of sacrifice, do support the contention that rearing at cool temperatures enhances an animal's capacity for NST. Yet despite enhanced development of the SNS and evidence of increased SNS output to BAT, animals reared at 181C, both male and female, are heavier and have increased fat accumulation in gonadal and retroperitoneal depots. 48 Moreover, male animals also show enhanced weight gain when given access to sucrose in the diet. Thus, cool-reared rats display a propensity to weight gain despite an increased capacity for NST. This observation would also suggest that whereas impaired NST may be sufficient to induce weight gain and fat accumulation, as has been noted in several animal models of obesity, it is not required.
If NST is not impaired in cool-reared animals, what then could be responsible for the greater body weight and body fat in the cool-reared animals? First, animals reared at 181C ingest more energy than rats reared at 301C, although the elevation in energy intake in the 181C-reared rats is not out of proportion to body weight. 48 The difference in energy intake between rats reared at the two temperatures presumably begins during neonatal life, as body weights of 181C-reared animals are already greater that those of 301C-reared rats at the time of weaning (3 weeks of age). Although it would appear likely that an increase in energy intake preceded the greater weight gain, supporting data are not available. Second, adrenal medullary function differs qualitatively between 181C-and 301C-reared animals. In groups of rats housed in metabolic cages at room temperature, urinary epinephrine (Epi) excretion was positively related to body Developmental origins of obesity JB Young weight in 301C-reared males, but inversely related to body weight in 181C-reared rats, a difference between rearing groups of borderline statistical significance (Po0.07). These data imply that the bigger (and fatter) the 181C-reared animals are, the lower their Epi excretion. Moreover, 181C-reared rats display a blunted rise in urinary Epi with fasting in comparison to that seen in 301C-reared animals. 9 These observations together raise the possibility that decreased adrenal medullary secretion may contribute to the increase in fat accretion noted in young adult animals reared at 181C. Third, differences between rearing groups are also apparent in the regulation of sympathetic nerves in white adipose tissue. IBAT is not the only adipose tissue depot displaying increased SNS innervation as a consequence of rearing at 181C. NE content in retroperitoneal fat, as well as in IBAT, is higher in 181C-reared rats compared with that in 301C-reared animals (Po0.0001). 10 [
3 H]NE turnover is also greater in these two fat pads of the 181C-reared rats.
10 With fasting,
]NE turnover in IBAT is reduced to a similar extent in both rearing groups, by 58% in 181C-reared rats and by 44% in 301-reared animals, but in retroperitoneal fat the reduction is much greater in the 181C-reared rats (52 vs 3%, P ¼ 0.005). These data indicate that SNS activity in retroperitoneal fat is higher under fed conditions and more responsive to fasting in animals reared at 181C than in those reared at 301C. As expression of genes in adipose tissue involved in glucose uptake and metabolism may be positively regulated by sympathetic input, 49 it is conceivable that under some circumstances activation of sympathetic nerves may serve a lipogenic, rather than a lipolytic function and that SNS-related lipogenesis may be greater in 181C-than in 301C-reared animals. Whether such effects may be related to stimulation of a 2 -adrenergic receptor-mediated anti-lipolysis (which can promote weight gain in transgenic animals 50 ) is conjectural.
Effects of litter size
Another method commonly used to induce an obesity-prone phenotype in rodents is to vary litter size. 51, 52 Animals reared in small litters are considered to be 'over-nourished' and are more susceptible to obesity as adults, whereas those reared in large litters are 'under-nourished' and are less susceptible. The exact role of pup nutrition per se, however, is uncertain as litter size influences both the quantity and the quality of milk produced by the mother. 53, 54 The impact of litter size on SNS function in young adult animals was reported several years ago from this laboratory. 35 Although the animals reared in small litters were bigger than those reared in large litters, the impact on tissue NE levels (adjusted for differences in wet weight of tissue) was noted in some, but not all tissues. Of particular note in these studies, however, was the observation that the SNS response to dietary sucrose differed markedly in the two rearing groups. Although both male and female animals reared in large litters displayed the stimulatory effect of sucrose on cardiac SNS activity which has been reported repeatedly over the years, 49,55-59 rats reared in small litters did not. 35 The absence of cardiac sympathetic stimulation by dietary sucrose seen in rats reared in small litters is similar to a previous observation from this laboratory in adult mice following treatment with gold thioglucose, 60 a neurotoxin which destroys neurons within the ventromedial hypothalamus. Gold thioglucose-treated mice do not exhibit dietary changes in SNS activity in heart and IBAT seen in untreated animals. 60, 61 This effect of litter size may be related to hyperinsulinemia in the neonatal animals. Insulin levels are elevated in pups reared in small litters 62 and exogenous insulin administered to neonatal rats alters hypothalamic morphology. 62, 63 Moreover, rats treated with insulin in the second week of life show a blunted SNS response in heart to sucrose, whereas animals given the b-cell toxin streptozotocin on post-natal day 2 display the reverse (JB Young, unpublished observations). Similar concerns may arise in offspring of diabetic mothers, not only those who were overtly diabetic during pregnancy, but also those who remained hyperinsulinemic while nursing. Insulin levels in milk are elevated in hyperinsulinemic women at a time when oral insulin may be physiologically active. 64, 65 Thus, hyperinsulinemia during neonatal life may induce permanent changes in SNS responses to dietary carbohydrate and potentially contribute to neuroendocrine dysregulation in infants of diabetic mothers. In addition to the aforementioned deficit in cardiac sympathetic responsiveness to sucrose, rearing animals in small litters also affects sympathetic innervation in select peripheral tissues. Like animals reared at cool temperatures, animals reared in small litters display increased NE levels in pancreas and in retroperitoneal fat at weaning (Po0.05 for both tissues after adjustment for tissue weight, JB Young, unpublished observations). Similar differences were also noted in IBAT and spleen, though not in heart or epididymal fat in this experiment. As tissue NE levels are an index of SNS innervation, these preliminary findings indicate that rearing rats in litters of different size affects SNS development in some, though not all, peripheral tissues of suckling pups.
Effects of maternal nutrition
In addition to variations in litter size, maternal nutrition also influences development of SNS anatomy and function. A 50% reduction in caloric intake during pregnancy decreases sympathetic innervation in the gut and alters the morphology of the celiac/superior mesenteric ganglion, though the nature of this latter effect is uncertain. 30, 31 Maternal ingestion of a protein-restricted diet, in the absence of energy restriction, also leads to impaired development of sympathetic innervation in certain tissues. 66 Despite the deficiency in sympathetic innervation, adrenal medullary function is preserved, if not enhanced. 32 Impairments in autonomic innervation in the offspring owing to maternal energy-or protein-restriction, however, are not unexpected as these diets have long been associated with global deficits in central nervous system development. 67, 68 Nutrient composition, in addition to the energy or protein content, of the maternal diet may also affect SNS development. As mentioned above, cardiac sympathetic innervation may be influenced by maternal fatty acid intake. 33 Similarly, variations in maternal carbohydrate intake alter SNS development in several peripheral tissues in the offspring. Compared to levels observed in offspring of mothers fed standard lab chow, offspring of mothers fed diets containing refined carbohydrates (corn starch and sucrose) exhibit increased NE content in pancreas and retroperitoneal fat, whereas offspring of mothers fed a diet containing fructose as the sole carbohydrate source show the reverse (JB Young, unpublished observations). Alterations in maternal NaCl intake, on the other hand, affect SNS innervation and regulation in heart and kidney. Thus, maternal diet modifies development of SNS function in the offspring, effects, which appear specific to the dietary stimulus.
Obesity in the offspring
These three animal models (animals reared at cool temperatures, in small litters or by mothers fed a diet containing refined carbohydrates) offer several insights into the developmental origins of obesity. First, all three sets of animals are heavier than their respective controls, differences which are apparent at weaning and persist into adulthood. From these differences in body weight it is reasonable to infer that feeding behavior was increased in the obesity-prone animals very early in life, although an enhancement in metabolic efficiency (decreased energy utilization and/or increased energy storage) may also contribute to the obese phenotype. Second, not only are these animals heavier, but they are fatter as well as their adipose tissue depots are larger, even in relation to body weight. Third, while alterations in SNS activity in IBAT or in adrenal medullary secretion are present in one or another of these models, they are not present in all three. The only alterations in SNS development common to all three models, which have been noted to date are consistent with increased innervation in pancreas and retroperitoneal fat, the physiological implications of which are currently unclear. As SNS activity in these two tissues is increased by ingestion of dietary carbohydrate, 49, 56 it is likely that the heightened innervation is a consequence of dietary activation of sympathetic nerves during neonatal life, much the same way that increased SNS innervation in IBAT is a consequence of cold-induced activation of the SNS in this tissue. 46 The increase in SNS activity in retroperitoneal fat with dietary carbohydrate is also associated with elevated gene expression for the insulin-sensitive glucose transporter GLUT4, 49 raising the possibility of sympathetic involvement in promoting glucose uptake. If so, then enhanced sympathetic innervation may contribute to development of obesity through greater stimulation of glucose storage.
Potential mechanisms of SNS programming in obesity
Temperature and gender in development of obesity Although the studies referred to above have been conducted exclusively in experimental animals, the findings do correspond to results from human studies. Over 50 years ago, Newman and Munro reported an inverse relation in American-born, Caucasian males between weight for height and the average January temperature of the state in which they were born. 48, 69 Similarly, prevalence rates for obesity (body mass index X30 kg/m 2 ) in adult men living in Hertfordshire northeast of London varied according to the month of birth, a relationship which was stronger following cold winters than after milder ones. 70 These data are consistent with a potential effect of environmental temperature in early life on the acquisition of an obese phenotype as geography served as the surrogate for temperature in the former study 69 and birth year in the latter. 70 English women, on the other hand, show little, if any, effect of birth season on obesity, 70, 71 though birth season does influence the incidence of other eating disorders, such as anorexia nervosa, 72, 73 which has been attributed to an effect of environmental temperature very early in life. [74] [75] [76] Although the mechanisms underlying the putative effects of temperature are not established, data on adrenal medullary function offer a potential clue. Gender differences in adrenal medullary secretion (male4female) have been noted repeatedly over the past 50 years. [77] [78] [79] [80] [81] [82] [83] [84] Moreover, activation of the adrenal medulla by caloric restriction is also greater in men than in women. 85 Similarly, fasting raises Epi excretion in urine in male, 9, 11 but not in non-pregnant female rats. 86, 87 As rearing male rats at 181C blunts the fasting-induced rise in urinary Epi seen in 301C-reared animals, 9 early exposure of male rats to a cool environmental temperature 'feminizes' the adrenal medullary response to fasting. A feminizing effect of environmental temperature during development in male rats may be a mammalian analog of temperature-induced sex determination seen in other species. 88, 89 In fish, amphibians and reptiles environmental temperature during a critical period of life can override the genetic program and redirect an animal to develop phenotypic characteristics opposite to its genotype. As this form of developmental re-programming may reflect alterations in the activity of aromatase, the enzyme which converts androgens to estrogens, 90,91 the effect on adrenal medullary function of rearing male rats at a cool environmental temperature may be related to changes in sex steroid metabolism. If so, then the effects of environmental temperatures in early life may differ between men and women, as is seen in the relative strength of the associations between birth season and adult obesity in men and women.
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Fetal/neonatal hyperinsulinemia in development of obesity As noted above, a predisposition to weight gain, if not frank obesity, arises as a consequence of early exposure to cool temperatures, to small litter size or to a maternal diet containing refined carbohydrate. These are not the only developmental exposures, which have been associated with acquisition of an obesity-prone phenotype in animals or humans, however. Others include administration of insulin to mothers or pups, maternal undernutrition and, possibly, fetal growth retardation. 63, [92] [93] [94] [95] [96] [97] A common feature of many, though not all, of these models is fetal and/or neonatal hyperinsulinemia. In addition to situations in which insulin is administered to mothers or pups, endogenous hyperinsulinemia has also been noted in neonates reared in small litters, 62 fed enterally a high carbohydrate diet (containing polycose, glucose polymers derived from corn starch) by gastrostomy tube, 98 or suckled by mothers fed a diet containing refined carbohydrates (JB Young, unpublished observations). Paradoxically, the obesity-inducing effect of maternal undernutrition may also be secondary to hyperinsulinemia. Obesity in the offspring of underfed mothers is less closely tied to caloric restriction per se than to hyperphagia during recovery, especially when refeeding occurs in the last third of pregnancy. 95, 99, 100 As 'starvation diabetes' is likely to occur in the mother during nutritional rehabilitation following undernutrition, the increased glucose delivery to the fetus or neonate would be expected to induce hyperinsulinemia. Fetal/neonatal hyperinsulinemia, therefore, may be a common predisposing factor in numerous circumstances associated with the development of obesity later in life. Moreover, dietary intake of refined carbohydrates has been rising in the US and western Europe over the past century, especially during the past 30 years. [101] [102] [103] [104] If similar increases have also occurred among pregnant and lactating women, dietary intake of refined carbohydrates may provide a growing contribution to the worldwide epidemic of obesity via their effects on insulin secretion in the offspring.
Summary of SNS programming
The relationship between SNS programming, as described here, and obesity is based upon numerous observations that under certain circumstances the SNS actively promotes glucose uptake into peripheral tissues. Such effects are seen in response to SNS activation by cold exposure or leptin. [105] [106] [107] or to administration of adrenergic agonists. [108] [109] [110] [111] Consequently, when neonatal animals are reared in circumstances which activate sympathetic pathways leading to enhanced glucose uptake (as by environmental cold or small litter size, for example), these pathways remain robust into adult life, facilitating deposition of ingested energy in adipose tissue and contributing to expansion of body fat. Conversely, if rearing occurs in an environment unfavorable to SNS development, the contribution of sympathetic stimulation of glucose disposal will be more limited. As these circumstances are often ones in which insulin action is impaired, the possibility exists that limitations in SNS development may contribute to the pathophysiology of insulin resistance. Such an hypothesis is consistent with the observation that SNS development is suppressed in animal models of intrauterine growth retardation. 31, 66, 112 Consequently, obesity may originate from multiple exposures during development; the presence or absence of insulin resistance accompanying the obesity may reflect the corresponding state of SNS development. Although much of the available data are consistent with such a hypothesis, a fuller understanding of the contribution of SNS development to the etiology of obesity and insulin resistance must await further studies.
